The dynamics of normal and fully spin-polarized He are studied for momentum transfers below 2 0 A . This study is based on a first-principles calculation of the dynamic susceptibility, y(Q, co). We invoke the Baym and Kadanoff (BK) procedure for generating an approximate particle-hole irreducible interaction, I~", which is needed in the calculation of y(g, co). The BK procedure yields an I~" that conserves particle number, energy, and momentum. When the BK procedure is applied to the GalitskiiFeynman-Hartree-Fock (GFHF) self-energy, the resulting Iph consists of direct and induced terms. 
I. INTRODUCTION
Inelastic neutron-scattering experiments' have been highly successful at revealing the properties of the important excitations in liquid He. These properties are manifested in the dynamic structure function S(Q, co). In a neutron-scattering experiment, both the density and spin-density dynamic structure functions are observed.
Denoting the density component by Sc(Q, co) and the spin-density part by St(Q, co) , the total observed S(Q,co) is given by OI S(Q, co) =Sc(Q,co)+ St(Q, co), c where o. l/o. , is the ratio of the corresponding scattering cross sections. Q and co represent the momentum and energy of the density Auctuations created by the scattered neutron. The nature of these excitations depends on the magnitude of the Q and co probed. In normal He, at low Q and to, one finds a low-frequency (paramagnon) resonance superimposed on the single-pair particle-hole excitations. This resonance, although sharp for small Q ( Q = 0.S A ' ), represents a damped nonpropagating mode in the spin density. This damping is expected to be enhanced by incoherent multipair excitations at elevated Q, as has been shown by recently determined sum rules At higher frequencies a well-defined zero-sound mode (ZSM) in Sc(Q,co) is observed. The ZSM is always slightly broadened from overlap with the multipair excitations and is strongly (Landau) damped when it coincides with the particle-hole band.
The neutron-scattering experiments of Scherm et To calculate Sc r ( Q, co ) from standard (Green's function) perturbation theory, it is necessary to introduce the particle-hole irreducible interaction I"h. This is achieved by introducing the dynamic susceptibility XC r ( Q, to ): Sc,r(Q~) = 1 ImXc, r(Q~) (2) where n =N/0 is the particle number density and XC r(Q, co) is given by Xcr(Q~) = f dt e' '& T[Pt(Q t)+Pi(Q~)][Pi(Q 0)+Pi(Q 0}j& .
In Eq. (2), the C (I) refers to the sum (difference) of the density-fiuctuation operators P (Q, t)= ga~+q (t)a"(t) . 
where 1=(x"t&,o &). In this equation, X(1,3) and G (4, 2) are self-consistently determined.
The CxFHF self-energy is known to yield a good representation of the single-particle properties of He, and we choose it for our ansatz for the self-energy. The GFHF self-energy is depicted in Fig. 2 and is expressed in terms of the exchange-symmetrized t matrix T'~a s follows: Fig. 2 . The t matrix, which is obtained by summing the ladder diagrams (Fig. 4) , has its primary effect in replacing the hard core of V(r) with a renormalized "soft" core. Analytically, T is obtained by solving the BetheSalpeter equation T(k"kz, k3, k4) which obeys the spin relation T~~~~(k"k~, k3, k4}=T(k"k3,k3yk4)5~~5g (14) The GFHF self-energy also has a contribution from. the exchanged interaction. Consequently, it is useful to introduce an exchange-symmetrized interaction
We also define, in analogy with the well-known Landau parameters, the spin-symmetric and antisymmetric interactions FIG. 4. Bethe-Salpeter equation for the t matrix in the particle-particle channel.
T"= l(T't't. t t+T't"~, » } .
Here e(k) and n (k) are the single-particle energy and momentum distribution.
In the absence of a magnetic field, G (k, co) is diagonal in spin space. Consequently, the spin labels have been suppressed in Eq. (12). This form for G (k, co) is based on the quasiparticle picture of a Fermi liquid. In this expression there is the additional assumption that the quasiparticle strength zj, = [1 -BX(k,co)/Bco~,~k~] is unity for all k. This is a primary approximation in the GFHF analysis. We note, however, that, unless corrective background terms are added to Eq. (12}, it is probably best to satisfy particlenumber conservation by setting z& strictly equal to one.
The calculation of the t matrix requires s(k) as input. This is obtained from the (on-shell) GFHF self-energy
where m is the bare mass. Equation (13) is simply the assertion that the poles of the single-particle Green's function, as expressed by a Dyson's equation, are the singleparticle energies. In turn, the self-energy follows from the t matrix [Eq. (10)], and in this way self-consistency is achieved.
The solution of Eq. (11) yields the "direct" t matrix,
and the total energy E as given above. Following Refs. 7
and 25, we have used an angle-averaged approximation in which the input momentum distributions and energy denominators are averaged with respect to the direction of P. The resulting T depends on P only through its magnitude:
Consequently, in the angle-averaged approximation, T depends on k, k', P, E, and cosOk k, the direction cosine for k and k'.
Carrying out the spin sum in Eq. (10) (20) where p is the chemical potential. The second term in Eq. (19) arises from the poles of T above the real-frequency axis which come from the two-hole intermediate states. Although this term has been included in the evaluation of the selfenergy in nuclear matter, it is neglected in the present work. Recent studies done on spin-polarized deuterium indicate that this term gives a small correction to the single-particle spectrum.
The self-consistent scheme discussed in the Introduction consists of the simultaneous solution of Eqs. (10) -(13). For completeness, we show graphs of several self-consistent spectra (Fig. 5 ) and a resulting binding-energy curve (Fig. 6) that are the solutions of these equations. We include binding energies obtained by variational Monte Carlo simulations for comparison. It is important to note that the spectra are continuous at the Fermi wave vector. This is not the case in the Brueckner 6-matrix calculations. Finally, we note that in practice, the dependence of the t matrix on P has been neglected in the calculation of the self-energy. In the case of He~, this has been accomplished by setting I' =O. We note however, that in our analysis of the particle-hole irreducible interaction for normal He, we found improved results by using an s(k) calculated with P set equal to 2k+. The iterated ground-state energy is found to be quite independent of I'.
III. ANALYSIS OF PARTICLE-HOLE IRREDUCIBLE INTERACTION
In this section we derive an approximate expression for I"z. The diagram shown in Fig. 3 resulted from performing the functional derivatives in Eq. (9), Fourier transforming back into momentum and frequency space, and performing the spin summation. The analytic result is (22) where we have suppressed the arguments for convenience. The RPA expression given in Eq. (7) ignores the momentum and energy coupling between the propagators and vertices. In that case, I h is assumed to be independent of the internal integration variables. Upon carrying out the integrations, each GG pair contributes a g factor. A procedure that would improve this approximation is to define I(Q, co) as y(Q, ai) =y (Q, ni)+y (Q, ni)I(Q, co)y (Qco)+y (Q, co)I(Q, co)y (Q, co)I(Q, co)y (Qco)+. . .
where (in full) dp) (24) This choice for I(Q, co) makes y(Q, co) exact to first order in I h. Consequently, we regard Eq. (23) as an improved RPA, which we use here. This procedure can obviously be extended to include higher-order corrections. Parenthetically, this scheme is similar to that used by Green, Neilson, and Szymanski in their calculation of the proper polarization contribution to y in the electron-gas problem.
Inserting Eq. (21) into Eq. (24) yields our expression for I (Q, ro) . The corresponding diagram is shown in Fig. 7 . We will refer to the first and second terms as the direct and induced terms, respectively.
To evaluate the frequency integrals in I (Q), a further approximation is required. This is due to the complicated frequency dependence of the interaction as defined by Eq. (21}. The t matrix is already a complicated function of the total energy E having poles both above and below the real axis. The induced term is even more complicated in that it cannot be reduced to a function of the total energy alone. For this reason, we restrict our microscopic calculation to the limit of zero frequency (co=0). Later we consider a model form of the interaction to restore the frequency dependence. Qur approximation is to neglect the hole-hole intermediate state terms of the t matrix so that the t matrix is analytic above the real axis.
Consider then the frequency integrations in the direct term (Fig. 7) . The co, integrations are easily performed by closing a contour in the upper half complex plane. Expressing only the frequency dependence of the t matrix, the
T"(co +E(pi+Q)) -T" (co +s(pi) } E(pi+Q) -s(pi) (25) Each t matrix T(k, k', P, co) in Eq. (25) other hand, the direct term largely determines the Q dependence of I(Q).
In Fig. 10 A consequence of the deeper direct interaction is that the corresponding Landau parameters tend to be substantially more negative than those obtained from a self-consistent calculation involving a spectrum with a gap.
Second, in restricting the set of diagrams that comprise I~h to those prescribed by BK (the T approximation), we have dropped terms beyond second order in T appearing in the cross-channel series. Dickhoff and co-workers' ' have made the necessary approximations to sum the entire cross-channel series. By comparing the direct terms calculated from the t and 6 matrices, we can assess the importance the higher-order terms in the cross channel.
In Fig. 10 we display our direct term and one taken from Ref. 12. In the Landau limit, we find that the difference in direct terms is more than sufFicient to account for the difference observed in Fig. 10 The behavior of I' shown in Fig. 13 requires some discussion. We begin by noting that our I' has several characteristics which are desirable. Obviously, our I' has a qualitative resemblance to the I' obtained by Aldrich and Pines: The sign of I' agrees with theirs, and the strength of I' is an order of magnitude less than that for I'. Further, in contrast to the strong density dependence of I', we find a nearly density-independent I'. For low Q, this agrees with the experimental findings of Scherm et al. , which suggest that the peak portion of the paramagnon resonance changes little with increasing pressure.
Nevertheless, for a Fermi liquid to be stable against a ferromagnetic ordering, it must satisfy dn/d E~, I') -1.
Our I' violates this condition. Two points should be made in regard to this. First, as emphasized by Aldrich and Pines, an extremely accurate theory is required to obtain an I' which displays the experimentally observed behavior. More explicitly, they found that the shortrange part of I&& t& and It& && (in position space) must differ by less than 3%%uo for the 3He system to be stable against a spin-wave instability. The fact that the GFHF I' violates this stability condition is not surprising considering the small allowable tolerance. This shortcoming is shared by other purely microscopic calculations which attempt to calculate both ground-and excitedstate properties. Second and most important, Quader, Bedell, and Brown ' have used the induced-interaction model' to show that ferromagnetic ordering cannot occur in a Fermi liquid in the case of a short-range potential. In fact, their proof requires the entire cross channel and y particle-hole channel to be summed consistently.
Since we did not sum the cross channel, our results fail to meet this important criterion.
C. Landau parameters and zero sound
We now present the numerical solutions of Eqs. (28) and (34) Before proceeding, we note that Eq. (38) In Tables I and II, we present our Landau parameters for spin-polarized and normal He, respectively. In both cases we list the contributions from the direct term and from the direct plus the induced term. The Landau parameters, obtained from the direct term quoted in earlier references, ' differ from those in Tables I and II because of the fact that in the present work a real input spectrum [Eq. (13)] was used, while in previous work a complex Greywall. With I(Q) determined, the ZSM is obtained from the poles of the RPA expression [Eq. (7)] for yc(Q, co). We found the imaginary part of I(Q) to be several orders of magnitude smaller than the real part. In this case, the ZSM is undamped when Imyo is zero. The degree to which the ZSM is pushed up out of the particle-hole band depends, then, on the strength of I(Q) and the e e fftcive mass appearing in go. To evaluate go we used (8), (12), and the GFHF single-particle energies. The GFHF single-particle energies E(p) may be well approximated by a quadratic with nz'/I =0.8 at the saturation density n =0.0172 A . In He~c ompressed to n =0.024 A the E(p} shows some fiattening at p =p~and gives a maximum value of m*=p(dE/dp) ' of m*/m =1. 2, just above p =p~.
In Fig. 14 (9)] to obtain the irreducible particle-hole interaction I ph which appears in the dynamic susceptibility. Substituting the GFHF self-energy into Eq. (9), we obtain the T approximation to I h (depicted in Fig. 3 
